Abstract-Effective mitigation of excessive stator turn fault current is crucial for fault tolerant machine drives. In this paper, a simple and effective method is proposed for a triple redundant 3 × 3-phase permanent magnet-assisted synchronous reluctance machine by using three 3-phase 4-leg inverters. The fourth leg creates a zero sequence current path when a terminal short circuit is applied in an event of a turn fault in a 3-phase winding set. Consequently, the zero sequence flux linkages are reduced by the resultant zero sequence current. This leads to lower residual flux linkage and decreased fault current. The machine drive can therefore have larger safety margin or can be designed for improved torque density and efficiency. The proposed approach is verified by both finite element (FE) simulations and experimental tests in a wide operation range. It shows that the fault current is reduced by ∼40% and the output torque is not affected.
excessive temperature rise in the fault turns, leading to complete failure of the machine drives [5] . This fault condition is particularly challenging for a permanent magnet (PM) machine since the PM field cannot be de-excited [6] . Hence, this severe fault should be effectively mitigated for high-availability electrical drives.
A review for the turn fault management strategies has been presented in [7] . It was demonstrated that this severe fault can be accommodated by terminal short circuit (TSC) [8] , phase current injection [9] , [10] , and mechanical shunts for the PMs, etc. The TSC can be applied on the fault phase or whole 3-phase set in case of a turn fault being detected. After the application of TSC, the short-circuit phase currents reduce the flux linkage of the fault turns, resulting in lower fault current. This concept has been applied to machine driven by H bridges [8] and standard 3-phase inverters [11] . Another solution for the turn fault mitigation is to inject currents in the healthy coils and turns in such a way to reduce the flux linkage of the fault turns and the resultant turn fault current [10] . However, the injected currents are determined by the self-and mutual-inductances between the health turns and faulted turns that are dependent on the number of faulted turns and the fault location within a slot and coils; it is not possible to know them prior in a given fault condition. In some cases, mechanical shunts are used to short circuit the PM field. As a result, the PM flux linked by the fault turns is reduced. However, it requires additional mechanical accessories and therefore less attractive [12] .
It should be noted that the effectiveness of TSC as a mitigation solution is dependent on several factors, such as the machine type [8] , [11] , winding connection scheme [13] , [14] , and fault location within a slot and phase coils [5] , [15] . In general for surface-mounted PM machines, the PM field is strong and the residual flux linkage after TSC may still be too large. The worst case occurs if the faulted turns close to the slot opening region where the PM flux can penetrate the fault turns. As a result, the flux linkage of the fault turns is not effectively nullified by the short-circuit phase currents, and hence the fault current is still excessive. In fault condition, the machine operates in unbalanced mode. Considerable zero sequence flux linkage arises in the faulted turn due to the unbalanced fault mode. Thus, the turn fault mitigation strategy should be aimed to minimize the flux linkage of the fault turns. In order to avoid the damage effect of excessive turn fault current, a novel mitigation method is proposed for a triple redundant 3 × 3-phase permanent magnet-assisted synchronous reluctance machine (PMA SynRM) drive using 3-phase 4-leg inverters. The fourth leg provides a zero sequence current path in the faulted 3-phase set; as a result, the zero sequence short circuit currents can flow and zero sequence flux linkage is essentially nullified. As a result, the residual flux linkage of the fault turns is further reduced, resulting in lower fault current. The approach is explained in detail and the effect of the zero sequence current is analyzed in subsequent sections. The effectiveness of the proposed method is validated by extensive finite element (FE) simulation and experimental tests in a wide operation range.
II. TURN FAULT BEHAVIOR OF THE TRIPLE REDUNDANT
The machine under consideration is a triple redundant 3 × 3-phase PMA SynRM aiming for an aerospace application requiring high availability as shown in Fig. 1 . PMA SynRM explores both PM torque and reluctance torque. The PM torque contributes only a small proportion of the total torque. The reluctance torque enables less use of magnets without decreasing the torque capability, therefore, exhibiting comparable performance with conventional surface mounted PM machines (SPM). The low PM field reduces the fault current in case of a short-circuit fault. It also eliminates the possibility of uncontrolled generation at high speed. Unlike the SPM, the torque purely relies on the PM field and, consequently, the increase in torque capability leads to higher flux linkage. The presence of strong PM field poses a safety hazard to the machine as it cannot be turned off in the event of a fault. Therefore, PMA SynRM with less magnets is favored in fault tolerant application.
The PMA SynRM specifications are given in Table I [15] , [16] . The conventional overlapped windings of the PMA SynRM have been divided into three sets of separated 3-phase windings with each set being not overlapping with the others. Each 3-phase set is star-connected and driven by an independent standard 3-phase inverter using dq current controller. The three neutrals are not connected to ensure electrical isolation. Otherwise, the three 3-phase winding sets will affect each other in faulty operation conditions. As a result, the different 3-phase sets are physically, thermally, and electrically isolated. In case of a fault in one 3-phase set either in the windings or in the specific inverter, it can be mitigated by deactivating the fault set inverter or applying TSC on the fault windings while the remaining two 3-phase winding sets can still operate to produce about twothirds torque. In fault operation, the dq current controller tracks the current commands for each 3-phase winding automatically by adjusting the voltage vectors.
It should be noted though the machine winding is designed to be physically, thermally, and electrically isolated, it is not magnetically isolated. The currents of one 3-phase set can affect the operation of the other two sets via magneto-motive force (MMF) distribution. Hence, a fault in one 3-phase set is also influenced by the other two sets. In terms of the worst fault case, inter-turn short circuit, the excessive fault current can be alleviated by applying TSC on the fault 3-phase set. After TSC, the resultant short-circuit phase currents tend to reduce the flux linkage in the fault turns and consequently, the fault current decreases. However, it was shown that the fault current after the application of TSC is dependent on the fault coil location, namely, A1, A2 , . . . , C1, C2. According to the investigation in [15], [17] , the fault current is the highest if the fault occurs in coil B2 in motoring mode, which is the trailing coil of set ABC (assuming that the machine is rotating anti-clockwise). On the contrary, it is the highest in coil A1 in generating mode that corresponds to the leading coil.
By way of example, a single turn fault in coil B2 after TSC is simulated in Cedrat Flux while the other two healthy 3-phase sets are excited with 120A-rated currents with 51°gamma angle at 4000 r/m in motoring mode. This angle is between the q-axis and the current vector corresponding to the maximum torque per ampere operation. Since the remaining windings still operate in balanced manner, the maximum torque per Ampere (MTPA) curves of the healthy and faulty operation are very close. So the machine still follows the healthy MTPA curve in post fault operation. As shown in Fig. 2 , the faulted set ABC can be short circuited by turning on all the top or bottom switches of the inverter. The turn fault is emulated by short circuiting one turn winding with zero external impedance. Meanwhile, ideal current sources are used to represent the inverter drives for two remaining healthy 3-phase sets DEF and GHI under closedloop current control. The simulated turn fault current and phase currents are shown in Fig. 3 .
It is seen that the resultant phase currents are unbalanced and contain mainly the positive and negative sequence components [18] . It is evident that the turn fault current is still higher than the rated value (∼2.6 per unit (p.u.) with respect to the rms rated current). This high fault current implies that the flux linkage of the fault turns is not effectively nullified. It is worth noting that the machine in Table I is thermally designed to cope with the worst case turn fault current in coil B2 in motoring mode with rated current excitation. The temperature of the fault turn should be lower than the maximum allowable temperature of the copper wires. Due to the excessive fault current, the machine has to be designed with less magnets. Hence, the efficiency and the torque capability of the machine are compromised. However, if this fault current is further reduced, the machine can be optimized for improved torque density and efficiency. Thus, it would be desirable if the turn fault current could be further reduced.
III. ANALYSIS OF THE CONVENTIONAL TURN FAULT MITIGATION METHOD TSC
In order to develop an effective method to reduce the turn fault current, the effect of the conventional mitigation action TSC on the turn fault is analyzed. After the application of TSC on the fault set, which can be conveniently implemented by setting the inverter reference voltages to zero, the phase currents of the fault 3-phase set are governed by (1) where i d1 , i q 1 and ψ d1 , ψ q 1 are the dq-axis currents and flux linkages of the ABC set, respectively. R is the phase resistance and ω is the electrical angular speed,
After the application of TSC, ψ d1 , ψ q 1 contain significant second harmonics since the symmetry is broken. And hence, the induced short-circuit currents of the fault set become unbalanced. Meanwhile, the two remaining healthy sets are still excited by load currents with closed-loop current controller. Significant negative and zero sequence flux linkage components arise in the fault set due to unbalanced operation. It can be described by the resultant MMF, which is calculated by multiplying the winding functions of the machine with their phase currents [19] , [20] . According to the work presented in [21] , a typical MMF induced by the currents in set ABC only is shown in Fig. 4 . It is seen that the currents in set ABC produce MMF not only over the set itself but also over the other two sets. More specifically, the MMF over set ABC consists of an AC component F The total MMF over the whole air gap equals the summation of MMF induced by the three sets. It can be divided into three parts, each being associated with the region occupied by one 3-phase winding. The typical MMF over one 3-phase set region, F , is illustrated in Fig. 5 for set ABC. It consists of an AC component F ac , and an offset component F os . The AC component F ac is purely determined by the currents in that set while the offset component F os is the combined effect of the currents in all three 3-phase sets.
The flux density of the armature reaction in the air gap and the resultant flux linkage are proportional to the MMF distribution. The MMF AC component F ac is the same as that of healthy condition and the induced flux linkage also has a sinusoidal distribution if the high-order harmonics are ignored. However, the flux linkage produced by the MMF offset component F os has a different characteristic.
Taking phase A as an example, the flux linkage ϕ osA produced by the offset component F os can be evaluated by (2) where ϕ osA1 and ϕ osA2 denote the resultant flux linkages for coils A1 and A2, respectively. n A1 , n A2 are the turn functions for coils A1 and A2 as shown in Fig. 6 . r is the radius of the stator inner bore and l is the axial length of the stator stack. g −1 (α) is the inverse air gap function given in (3). The resultant flux linkages in phases B and C, ϕ osB and ϕ osC , can be derived similarly as
Since the coils are full-pitched and the MMF offset component F os is constant over the ABC set region, it can be inferred that ϕ osA1 equals ϕ osA2 and is half of ϕ osA . Further, it can be deduced that ϕ osA equals ϕ osB . Due to the opposite polarity of the turn function for phase C compared to that of phases A and B, the offset flux linkage of phase C has the same magnitude but an opposite polarity as given in (4) and shown in Fig. 7 ϕ osA = ϕ osB = −ϕ osC .
The above-mentioned flux linkages vary with the MMF offset component F os . It is evident from (4) that the flux linkage produced by the MMF offset component not only contains positive and negative sequence components but also has zero sequence component ϕ 0 as given in (5) as follows:
For the star-connected 3-phase winding, positive and negative sequence currents can be generated by the application of TSC in the fault 3-phase set to counteract the corresponding flux linkages of the faulted turns. As a result, the positive and negative sequence flux linkage components are reduced to a much lower value. However, the zero sequence flux linkage remains since there is no path for the zero sequence current. Hence, it can be concluded that the zero sequence flux linkage of the fault turns is the main cause of the high fault current seen in Fig. 3 .
The typical phase flux linkages of set ABC after TSC when the other two healthy sets are excited by 120 A currents in motoring mode are simulated in FE and plotted in Fig. 8 . As can be seen, the residual flux linkages have similar waveforms and phase shifts. Obviously, majority of the flux linkages are zero sequence components because there is no zero sequence current in the star-connected winding. As a result, in the event of a turn fault, the residual flux linkage of the fault turns after TSC is mainly due to the zero sequence flux linkage.
The flux linkage of each phase equals the summation of the two subcoils. Thus, the flux linkages of the six coils are further shown in Fig. 9 . It is seen that the flux linkages of the six coils are quite different from each other. This explains why the fault current is different if the turn fault occurs in different coils. Since the residual flux linkage of coil B2 is the highest, the fault current will be the highest if the turn fault occurs in coil B2. This finding is consistent with the conclusion drawn in [15] . The machine fault behavior in generating mode is similar and therefore the analysis is not repeated. The only difference is that the residual flux linkage of coil A1 will be the highest, which will lead to the highest turn fault current if the turn fault occurs in coil A1.
IV. PROPOSED MITIGATION METHOD BY CREATING ZERO SEQUENCE CURRENT PATH
According to the aforementioned analysis, the excessive turn fault current after TSC is mainly due to the zero sequence flux linkage. If a zero sequence current path can be created for the 3-phase winding, zero sequence short-circuit currents will be induced in the windings. Consequently, the zero sequence flux linkages in the fault turns will be lower and the fault current will be reduced accordingly.
A zero sequence current path can be provided by using 3-phase 4-leg inverter [22] , [23] . The neutral point of the 3-phase winding is connected to the fourth leg as shown in Fig. 10 for set ABC to provide a zero sequence current path. The same inverter topology is used to drive sets DEF and GHI. In healthy condition, the machine is fed by the three 3-phase inverters with the fourth leg inactive. So, the machine performance has no difference with the standard full bridges. However, in case of a turn fault, all the four top or bottom switches of the 3-phase 4-leg inverter can be closed to apply TSC on the fault set. With the aid Fig. 11 . Phase currents and zero sequence current of set ABC after TSC with zero sequence current path. of the fourth leg, a zero sequence current path is created. And hence zero sequence currents can flow in the windings via the neutral path and nullify the zero sequence flux linkages. Consequently, the residual fault linkage of the fault turns is further reduced, implying lower fault current. Meanwhile, the other two healthy winding sets operate as normal to provide output torque.
In order to illustrate the effect of the zero sequence current on the zero sequence flux linkages, TSC is applied to set ABC without turn fault by switching ON all the four top switches of the 3-phase 4-leg inverter when the other two healthy sets are excited by 120 A currents in motoring mode. The resultant phase currents and zero sequence current are shown in Fig. 11 . The phase currents are also unbalanced and the induced zero sequence current is less than 20 A. The resultant residual phase flux linkages of set ABC are plotted in Fig. 12 . As can be seen, the magnitudes of the flux linkages are much lower than those without zero sequence current path shown in Fig. 8 . The original zero sequence flux linkages are effectively nullified by the induced zero sequence currents. And hence, the residual flux linkages in Fig. 12 are quite different with those of Fig. 8 .
In addition, the flux linkages of the six coils in set ABC are shown in Fig. 13 . The flux linkage of coil B2 is still the highest while its amplitude is reduced by 40% compared with that in Fig. 9 . It can be seen that the residual flux linkages are significantly reduced due to the zero sequence current. As a result, the turn fault current would be lower accordingly.
The machine behavior with single turn fault in coil B2 after TSC with the proposed zero sequence current path is simulated in FE while the other two healthy sets are still loaded by the rated currents at 4000 r/m in motoring mode. The resultant turn fault current is plotted in Fig. 14 and compared with the fault current without neutral path. It is seen that the rms fault current has been reduced from 220 A (2.6 p.u.) to 121A (1.42 p.u.). It results in 70% reduction in the copper loss of the fault turn. And since the 1.42 p.u. fault current flows only in the fault turn while the currents in the remaining windings are lower than the rated value, the heat of fault current can be effectively dissipated and the temperature rise in the fault turn in quite mild.
Similarly, the concept is also validated for the worst case in generating mode with single turn fault in coil A1. TSC is applied on the fault set while the other two healthy sets are loaded with the rated currents at 4000 r/m. The resultant turn fault currents with and without the zero sequence current path are compared in Fig. 15 . As can be seen, the rms value has also been reduced from 230 A (2.7 p.u.) to 158 A (1.9 p.u.).
Due to the decreased fault current, the copper loss of the fault turn is significantly reduced and leads to lower temperature rise. As a result, the machine could have larger safe margin under this severe fault. On the other hand, the constraint to accommodate the fault current is eased and the machine can be optimized for better torque density and efficiency. It should be noted that the fourth leg will introduce additional cost to the drive system. However, the current in the fourth leg is quite small due to the low zero sequence current. Therefore, it can be designed with a small current rating by low-cost switch devices. Hence, the additional cost is quite minor compared to the whole machine drive. In addition, by using the zero sequence current, Fig. 15 . Comparison of the turn fault current in coil A1 after TSC with and without zero sequence current path. the machine drive could gain increased torque capability in an event of 1-phase open circuit fault as described [22] , [23] .
V. EXPERIMENTAL VALIDATION
The proposed turn fault mitigation method has been tested on a triple redundant 3 × 3-phase PMA SynRM prototype whose specifications are given in Table I . The machine is mounted on the dynamometer via the torque transducer as shown in Fig. 16 . During the tests, the dyno is controlled at a given speed rotating with the machine prototype. The machine is driven by an existing digital signal processor (DSP)-controlled 9-phase inverter, consisting of three 3-phase standard inverters as shown in Fig. 17 . It is controlled by classic dq current controller. After the turn fault, the voltage vectors are adjusted automatically by the dq current controller to track the current commands while the fault set is protected by TSC. The inverter switches are modulated by SVPWM at 10 kHz. The zero sequence current path in turn fault condition is realized by short circuiting the neutral and the 3-phase terminals directly.
The experimental setup for the turn fault emulation is illustrated in Fig. 18 . A single turn tap is brought out in coil B2 of set ABC. Two thick cables are soldered to the fault turn taps to minimize the additional impedance in the short-circuit path. The leads are connected to a relay for controlled fault emulation. The turn fault can be sensed by monitoring the second harmonic in the instantaneous active power in generating mode or the second harmonic in the reactive power in motoring mode according to the work presented in [24] .
A. Turn Fault in Coil B2
First, the machine is tested with a single turn fault in coil B2 at the base speed of 4000 r/m. TSC has been applied on the fault ABC set for both without and with zero sequence current path. Meanwhile, the other two healthy sets are excited with 120 A currents. The resultant fault current and phase currents in set ABC are compared in Fig. 19 . As can be seen, the rms turn fault current has been reduced from 130 to 76 A due to the zero sequence current path. The amplitude of the induced zero sequence current is 17 A. Fig. 20 compares the phase currents in the healthy sets where negligible difference is seen. The small zero sequence current in set ABC has insignificant impact on the operation of the two healthy sets.
Compared with Fig. 14, the measured turn fault currents are lower than the simulated results. It can be attributed to the additional impedance caused by the lead cable and relay in experimental test. The estimated resistance and inductance due to the lead cable and relay are 1.5 mΩ and 1 μH, respectively. When the external impedance is considered in FE simulation under the same operation conditions, the simulated and tested turn fault currents coincide very well for both without neutral path and with path scenarios as shown in Fig. 21 , confirming the effectiveness of the proposed method.
It should be noted that due to the limited number of current probes of the oscilloscope, the 9-phase currents and fault current are mainly measured by the inverter current sensors, and consequently the switching harmonics are not visible in the current waveforms due to limited sampling frequency and anti-alias filtering.
In addition, the output torque variations with load current in the two healthy set are compared in Fig. 22 for the two fault mitigation schemes, namely, TSC on set ABC with and without zero sequence current path. It is seen that the zero sequence current also has negligible influence on the output torque. The machine is still capable to output about two-thirds of the torque in healthy condition. The rms turn fault current variations with the load current under the two different scenarios are compared in Fig. 23 for both motoring and generating modes. It is evident that the turn fault current is reduced and well limited within 1 p.u. in all operation conditions. Therefore, the turn fault current will not cause any thermal issue after introducing the zero sequence current path.
B. Turn Fault in Coil A1
The machine is also tested with single turn fault in coil A1 by reverse rotation of the rotor. Consequently, the turn fault in coil B2 (trailing coil for anti-clockwise rotation) becomes equivalent to the leading coil A1 in clockwise rotation. TSC without and with zero sequence current path is also applied on set ABC while the two healthy sets are still loaded by 120 A at 4000 r/m in generating mode. The resultant phase currents are similar and therefore, only the turn fault currents are shown in Fig. 24 . It is seen that the rms fault current is also reduced from 134 to 85 A due to the zero sequence current path via the neutral connection. It should be noted that the two waveforms are measured separately; however, they are plotted on the same time axis. Similarly, the rms turn fault current variation with the load current under the two different scenarios is compared in Fig. 25 for both motoring and generating modes. The reduction of the turn fault current with the neutral path is also seen in all operation conditions.
VI. CONCLUSION
In this paper, a simple and effective method for turn fault mitigation has been developed for a triple redundant 3 × 3-phase PMA SynRM by using 3-phase 4-leg inverters. The fourth leg can be used to create zero sequence current path after the application of TSC. Therefore, the zero sequence flux linkages are further reduced by the induced zero sequence current. Both the flux linkage of the fault turns and the fault current are reduced effectively. The approach has been extensively verified by both FE simulations and experimental tests. It has been shown that the fault current is reduced by ∼40% in all operation ranges and the output torque is not compromised. The proposed mitigation method offers larger safety margin and allows the machine to be optimized for improved torque capability and efficiency. The additional cost due to the fourth leg may be justified for improved fault tolerance and higher output torque in open-circuit fault. The proposed fault mitigation concept to reduce turn fault current is applicable to other multi-phase machines.
